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Abstract 24 
Long-term (million-year time scale) fault-slip history is crucial for understanding the 25 
processes and mechanisms of mountain building in active orogens. Such information 26 
remains elusive in the Longmen Shan, the eastern Tibetan Plateau margin affected by 27 
the devastating 2008 Wenchuan earthquake. Whilst this event drew attention to fault 28 
deformation on the foreland side (the Yingxiu-Beichuan fault), little is known about 29 
the deformation history of the hinterland Wenchuan-Maoxian fault. To address this 30 
gap, thermochronological data were obtained from two vertical transects from the 31 
Xuelongbao massif, located in the hanging wall of the Wenchuan-Maoxian fault. The 32 
data record late Miocene rapid cooling and rock exhumation at a rate of 0.9-1.2 33 
km/m.y. from ~13 Ma to present. The exhumation rate is significantly higher than that 34 
in the footwall (~0.3-0.5 km/m.y.), indicating a differential exhumation of ~0.6 35 
km/m.y. across the fault. This differential exhumation provides the first and minimum 36 
constraint on the long-term throw rate (~0.6 km/m.y) of the Wenchuan-Maoxian fault 37 
since the late Miocene. This new result implies continuous crustal shortening along 38 
the hinterland fault of Longmen Shan, even though it has not been ruptured by major 39 
historic earthquakes. Our study lends support to geodynamic models that highlight 40 
crustal shortening as dominating deformation along the eastern Tibetan Plateau. 41 
  42 
1. Introduction 43 
The Longmen Shan, located at the eastern margin of Tibetan Plateau, forms one 44 
of the world’s highest continental escarpments (up to 5000 m relief), and was affected 45 
by the devastating Mw 7.9 Wenchuan earthquake on May 12, 2008 (Fig. 1) [e.g., 46 
Liu-Zeng et al., 2009; Xu et al., 2009; Zhang et al., 2010]. The crustal structure of the 47 
Longmen Shan is defined by three parallel NW-dipping fault zones, which from 48 
foreland to hinterland are the Guanxian-Anxian fault, the Yingxiu-Beichuan fault and 49 
the Wenchuan-Maoxian fault. These three faults constitute the Longmen Shan fault 50 
zone [Xu et al., 1992; Chen et al., 1995]. The Wenchuan earthquake and aftershocks 51 
ruptured the Yingxiu-Beichuan and Guanxian-Anxian faults [e.g., Liu-Zeng et al., 52 
2009; Xu et al., 2009; Ran et al., 2010; Zhang et al., 2010]. However, as the 53 
Wenchuan-Maoxian fault on the hinterland side was not activated by the earthquake 54 
[e.g., Liu-Zeng et al., 2009; Xu et al., 2009; Ran et al., 2010; Zhang et al., 2010], it 55 
has led to a major controversy as to whether the hinterland fault is active or not [Ma et 56 
al., 2005; Li et al., 2006; Chen et al., 2007; Zhang et al., 2013; Gao et al., 2016; Wang 57 
et al., 2017]. 58 
There is also much debate about long-term deformation kinematics of the 59 
Longmen Shan fault zone. Whereas previous studies have attained some consensus 60 
regarding the Late Cenozoic dextral-thrust and the nature of thrusting of the 61 
Yingxiu-Beichuan and Guanxian-Anxian faults [Xu et al., 1992; Burchfiel et al., 1995; 62 
Chen et al., 1995; Densmore et al., 2007], discussion continues about the late 63 
Cenozoic deformation history of the Wenchuan-Maoxian fault. Using studies on 64 
surface deformation and exhumation of the central and southern Longmen Shan, one 65 
group of researchers suggested that the fault has accommodated a significant 66 
magnitude of east-verging crustal shortening [e.g., Tian et al., 2013; Tan et al., 2017a]. 67 
By contrast, another group proposed late Cenozoic normal sense of shearing along the 68 
fault [Burchfiel et al., 1995, 2008; Royden et al., 2008]. The structural evidence for 69 
normal sense shearing mainly comes from a top-to-the-NW-sense of shear zone 70 
preserved in the mylonite belt developed along and west of the Wenchuan-Maoxian 71 
fault zone [Burchfiel et al., 1995, 2008; Royden et al., 2008]. However, recent 72 
40
Ar/
39
Ar dating of recrystallized minerals aligned along the mylonite foliation in the 73 
southern Longmen Shan yields ages of 74-58 Ma, indicating that timing of this 74 
normal shear deformation is Late Cretaceous–earliest Paleogene [Tian et al., 2016]. 75 
Based on geomorphic analysis, a third group inferred little or no dip-slip activity 76 
[Godard et al., 2009, 2010; Gao et al., 2016]. 77 
To gain new insights into the magnitude and timing of relative fault displacement 78 
and regional structure, we report new low-temperature thermochronology data using 79 
the (U-Th)/He technique on apatite (AHe) and zircon (ZHe), and the fission-track 80 
technique on zircon (ZFT) from two vertical profiles across the entire relief of the 81 
west side of the Wenchuan-Maoxian fault (Fig.1b and c). These types of data are 82 
sensitive to different temperatures ranging from ~70 to ~250˚C in the upper crust, 83 
thus could provide constraints on different stages of rock cooling and exhumation 84 
[e.g., Reiners and Brandon, 2006]. Combined with existing data from the eastern side, 85 
our results indicate that long-term differential rock exhumation (~0.6 km/m.y.) has 86 
occurred along the Wenchuan-Maoxian fault, in response to significant late Miocene 87 
east-vergent crustal shortening. Such a differential exhumation magnitude provides a 88 
unique constraint on the long-term throw rate along the fault. This long-term slip-rate, 89 
which is similar to that along the frontal Yingxiu-Beichuan fault (~0.5 km/m.y.), 90 
suggests that the hinterland fault of the Longmen Shan has also accommodated 91 
significant crustal deformation over the long-term, even though it was not ruptured by 92 
the 2008 Wenchuan earthquake. 93 
 94 
2. Topographic and geological setting 95 
The Longmen Shan defines the eastern margin of the highly elevated eastern part 96 
of the Tibetan Plateau against the significantly lower foreland, forming the Sichuan 97 
Basin, to the east (Figs. 1a and b). Elevations increase abruptly from ~500 m to peaks 98 
exceeding 5000 m over a distance of ~50 km from the western Sichuan Basin to the 99 
Longmen Shan, making the plateau margin one of the steepest intra-continental 100 
escarpments globally. 101 
Structurally, the Longmen Shan is defined by three subparallel faults (Fig. 2) 102 
[SBGMR, 1991; Zhao et al., 2012; Li et al., 2013]. The hinterland 103 
Wenchuan-Maoxian fault is well documented to be a NW-dipping fault based on 104 
NW-dipping foliation in the Paleozoic greenschist [SBGMR, 1991; Burchfiel et al., 105 
1995; Chen et al., 1995; Worley and Wilson, 1996; Yan et al., 2011; Xue et al., 2017] 106 
and seismic reflection surfaces [e.g., Hubbard and Shaw, 2009; Jin et al., 2010; Robert 107 
et al., 2010; Guo et al., 2013; Lu et al., 2014]. Similarly, the geometry of the 108 
Yingxiu-Beichuan and Guanxian-Anxian faults are also listric, whose shallow 109 
structures are constrained by surface geology and borehole measurements [SBGMR, 110 
1991; Li et al., 2013] and deep structures by seismic reflection profile [Jia et al., 2006; 111 
Guo et al., 2013; Feng et al., 2016], thermochronology data [Tian et al., 2013] and 112 
coseismic slip of the 2008 Wenchuan earthquake [e.g., Shen et al., 2009; Xu et al., 113 
2009] (Fig. 2c). These three faults merge into a detachment at a depth of ~20-30 km 114 
[Tian et al., 2013; Feng et al., 2016]. 115 
The three faults also control lithology distribution in the Longmen Shan. 116 
Between the Wenchuan-Maoxian and Yingxiu-Beichuan faults, outcrops are mainly 117 
Neoproterozoic basement rocks (the Pengguan and Baoxing massifs). West of the 118 
Wenchuan-Maoxian fault, Neoproterozoic basement rocks are exposed mainly in the 119 
Xuelongbao and Tonghua massifs (Fig. 2). These basement rocks are surrounded by 120 
strongly folded, faulted and metamorposed Paleozoic sedimentary strata. It is worth 121 
noting that late Triassic amphibolite facies metamorphic rocks developed around the 122 
Xuelongbao and Tonghua massifs, west of Wenchuan-Maoxian fault. Peak 123 
metamorphic conditions were estimated as 10-11 kbar, 530-600 °C [Dirks et al., 1994; 124 
Worley and Wilson,1996; Airaghi et al., 2017, 2019], implying that these rocks were 125 
exhumed from depths >30 km during Mesozoic-Cenozoic time [Worley and 126 
Wilson,1996; Airaghi et al., 2017; Zhao et al., 2018]. Farther west, the 127 
Songpan-Ganze terrane is composed of a thick (>8-10 km) sequence of strongly 128 
folded Triassic flysch deposits [Chang, 2000; Roger et al., 2008; Ding et al., 2013], 129 
intruded by late Triassic-Jurassic granitoids and a few Miocene plutons [Roger et al., 130 
1995]. To the east, the foreland Sichuan Basin consists of >8 km of late 131 
Triassic-Quaternary terrestrial deposits [SBGMR, 1991; Guo et al., 1996; Li et al., 132 
2003]. In contrast to the thick (>7 km) and widespread Mesozoic strata, Cenozoic 133 
strata are limited to a total thickness of <1.5 km and only locally developed in the 134 
southwestern part of the basin [SBGMR, 1991; Burchfiel et al., 1995; Guo et al., 135 
1996]. 136 
The Longmen Shan experienced multiple phases of intra-continental deformation 137 
during Mesozoic-Cenozoic time [e.g., Burchfiel et al., 1995; Yan et al., 2011]. 138 
Mesozoic intra-continental east-verging shortening accommodated transpressional 139 
convergence between the Songpan-Ganze terrane and the Yangtze Block (Fig. 2) 140 
[SBGMR, 1991; Chen et al., 1995]. This Mesozoic orogenic event is documented by 141 
several lines of evidence including the development of a coeval foreland basin in the 142 
Sichuan Basin [SBGMR, 1991; Chen et al., 1995; Li et al., 2003], late Trassic 143 
magmatism in the Songpan-Ganze terrane [Zhang et al., 2006; Xiao et al., 2007] and 144 
metamorphic events along the Longmen Shan [Worley and Wilson, 1996; Airaghi et 145 
al., 2017, 2019]. In the Late Cretaceous, the Longmen Shan hinterland experienced a 146 
phase of top-to-the-NW shear, resulting from the development of a duplex in the 147 
middle and upper crust [Tian et al., 2016]. Cenozoic deformation is considered to 148 
have reactivated and cut these earlier structures in response to the northward 149 
indentation of India into Eurasia Block [e.g., Burchfiel et al., 1995; Yan et al., 2011]. 150 
Cenozoic deformation is characterized by east-verging shortening with a minor 151 
component of right-lateral faulting, as shown by structural observations [Burchfiel et 152 
al., 1995; Feng et al., 2016; Tian et al., 2016] and long- and short-term spatial 153 
denudation [Liu-Zeng et al., 2011; Tian et al., 2013]. 154 
Rocks exposed in the Xuelongbao massif, the study area, are Neoproterozoic 155 
tonalites and granodiorite (Fig. 3) [Zhou et al., 2006]. Peak elevations of the massif 156 
exceed 5300 m, whereas river valleys of the Min River drainage system that incise the 157 
massif have cut deeply down to elevations of <1200 m, forming a regional 158 
topographic relief of more than 4000 m (Fig. 1c). The study area is located in the 159 
hanging wall of the Wenchuan-Maoxian fault, whose footwall is occupied by the 160 
Pengguan massif of Neoproterozoic basement.  161 
 162 
3. Previous Thermochronological Studies 163 
Several thermochronological studies have been undertaken to constrain the 164 
Cenozoic deformation and rock exhumation history of the Longmen Shan and 165 
adjacent areas (Fig. 1b). Most previous thermochronology studies in the area focused 166 
on the Pengguan massif. Arne et al. [1997] applied a combination of AFT, ZFT and 167 
muscovite 
40
Ar/
39
Ar dating techniques to samples from the Longmen Shan, and 168 
suggested two phases of cooling in early Cretaceous (~119-131 Ma) and Miocene 169 
(~20 Ma). Kirby et al. [2002] reported AHe, ZHe, biotite 
40
Ar/
39
Ar and K-feldspar 170 
40
Ar release spectra data from several Neoproterozic and Mesozoic granitoids, which 171 
indicated that the present high topography of the eastern plateau margin is no older 172 
than late Miocene or early Pliocene (~5-12 Ma). Godard et al. [2009] and Wang et al. 173 
[2012] applied thermochronology age-elevation plots to the Pengguan massif and 174 
provided detailed constraints on the Cenozoic exhumation history. ZHe and AHe 175 
vertical profiles of Godard et al. [2009] suggested that a major phase of exhumation 176 
commenced between 8 and 11 Ma at a rate of ~0.7 km/m.y. Wang et al. [2012] applied 177 
AHe, AFT, ZHe and ZFT analyses to samples from two vertical profiles located at the 178 
eastern and western sides of the Pengguan massif and suggested that the central 179 
Longmen Shan may have experienced two phases of rapid rock exhumation at ~30-25 180 
Ma and ~10-0 Ma with exhumation rates of ~0.8 km/m.y. and ~0.4 km/m.y., 181 
respectively. Moreover, Guenthner et al. [2014] applied radiation damage theory to 182 
reinterpret previously published ZHe results, which yielded a negative age-eU 183 
(effective uranium content) and confirmed a late Cenozoic age for exhumation of the 184 
Pengguan massif. 185 
In contrast to the abundant thermochronology studies in the Pengguan massif, 186 
few studies have been carried out in the Xuelongbao massif. Godard et al. [2009] 187 
reported several ZHe and AHe data from a vertical profile in the northern part of the 188 
Xuelongbao massif and suggested that rock exhumation is synchronous with and of a 189 
similar rate (~0.7 km/m.y.) to that in the Pengguan massif. Tan et al. [2017a] acquired 190 
a set of AFT and ZFT ages from a vertical profile in the southern part of the massif 191 
and suggested a late Miocene (~10 Ma) phase of accelerated exhumation at a rate of 192 
0.7-0.9 km/m.y. 193 
Several studies [Xu and Kamp, 2000; Wilson and Fowler, 2011; Li et al., 2012; 194 
Cook et al., 2013; Tian et al., 2013] reported thermochronological data from other 195 
parts of the Longmen Shan, which are broadly consistent with the results outlined 196 
above. Other studies from adjacent areas reported late Miocene [Clark et al., 2005; 197 
Enkelmann et al., 2006; Ouimet et al., 2010; Duvall et al., 2012; Tian et al., 2015], 198 
Oligocene – middle Miocene [Tian et al., 2013, 2014; Shen et al., 2016; Zhang et al., 199 
2016; Ansberque et al., 2018] or Paleocene to Eocene and Miocene [Liu-Zeng et al., 200 
2018] phases of exhumation with spatially variable exhumation rates (Fig. 1b). 201 
 202 
4. Approach and Methods  203 
Compared to the abundant thermochronology results from the Pengguan massif, 204 
east of the Wenchuan-Maoxian fault, there are few data from the Xuelongbao massif, 205 
west of the fault (Fig. 3). Therefore, to constrain the exhumation history in the 206 
hanging wall of the Wenchuan-Maoxian fault, samples were collected from two 207 
vertical transects (Manianping and Caopo) from the central and southern sides of the 208 
Xuelongbao massif (Figs. 1c and 3). These two transects were sampled over relief of 209 
~3100 m (Manianping transect) and ~2600 m (Caopo transect) within a horizontal 210 
distance of <15 km. The rocks sampled are all granitoids of the Xuelongbao massif 211 
(Fig. 3). 212 
AHe, ZHe and ZFT analyses for the Caopo transect were performed at  213 
University College London, whereas ZHe analyses for the Manianping transect at The 214 
University of Melbourne. Apatite and zircon concentrated for fission-track and 215 
(U-Th)/He analysis were extracted using standard crushing, sieving, electromagnetic, 216 
and heavy liquid mineral separation techniques. For (U-Th)/He analysis, grains were 217 
immersed in ethanol and examined under polarised light to detect possible mineral 218 
inclusions and grain dimensions were measured from digital photographs for the 219 
calculation of an -ejection correction factor (Ft) [e.g., Farley et al., 1996]. Only good 220 
quality euhedral grains, where possible, were selected for analysis. Grains were 221 
loaded into Pt capsules and thermally outgassed under vacuum at ~900˚C for 5 222 
minutes for apatite and ~1300 ˚C for 15 minutes for zircon, using a fibre-optically 223 
coupled diode laser with 820 nm wave length. Then, spiked with 
3
He, gas volumes 224 
were determined using a Balzers quadrupole mass analyzer. The uncertainty in the 225 
sample 
4
He measurement is estimated at <1%. Outgassed apatite grains were then 226 
spiked with 
235
U and 
230
Th and digested at room temperature. For zircon analyses, 227 
outgassed grains were first taken out of their Pt capsules and transferred to Parr 228 
bombs where they were spiked with 
233
U and 
229
Th and digested at 240°C for 40 229 
hours in HF. Standard solutions containing the same spike amounts as samples were 230 
treated identically, as were a series of unspiked reagent blanks. A second bombing in 231 
HCl for 24 hours at 200°C ensured dissolution of fluoride salts and final solutions 232 
were diluted to 10% acidity for analysis on a Varian quadrupole ICP-MS. For single 233 
zircon crystals digested in small volumes (0.3-0.5 ml), U and Th isotope ratios were 234 
measured to a precision of <2%. Unless otherwise indicated, apparent ZHe ages were 235 
calculated and corrected for -emission following the approach of Farley et al. [1996]. 236 
Durango apatite and Fish Canyon Tuff zircons were run as reference standards with 237 
each batch of samples analyzed and served as an additional check on analytical 238 
accuracy. Based on the standards, we estimated a precision of ~6% or less at ±1, 239 
which incorporates the -correction-related constituent and considers an estimated 5 240 
m uncertainty in grain size measurements, gas analysis and ICP-MS analytical 241 
uncertainties. 242 
Samples for FT analysis were mounted on PTFE Teflon and then polished. 243 
Fission tracks in zircon are revealed by chemical etching using a binary eutectic of 244 
KOH:NaOH at ~225 ˚C for ~60 hours. The external detector method was used for age 245 
determinations, with Brazil Ruby muscovite attached to the polished mounts to record 246 
induced tracks. Neutron irradiations were carried out in the 247 
Forschungsneutronenquelle Heinz Maier-Leibnitz (FRM II) research reactor at 248 
Garching, Germany, using a fishing line setup. Thermal neutron fluence was 249 
monitored by measuring track densities in muscovite plates attached to the Corning-2 250 
standard glass. Following irradiation, muscovite detectors were etched for 20 minutes 251 
in 48% HF at room temperature to reveal induced tracks. Fission-track densities were 252 
measured using an optical microscope at 1250× magnification with an oil objective. 253 
Ages (±1σ) were calibrated by the zeta method [Hurford and Green, 1983], using a 254 
zeta factor of 127 ± 5 determined by multiple analyses of zircon age standards. 255 
To facilitate the comparison of our results with existing results, our calculation 256 
of exhumation rates utilized the age-elevation regression method, as used in previous 257 
studies in the region [Godard et al., 2009; Wang et al., 2012; Tan et al., 2017a], and a 258 
3D thermo-kinematic modeling approach that considers heat advection during rock 259 
exhumation [Braun 2003; Braun et al., 2012]. 260 
 261 
5.  Results 262 
ZFT, ZHe and AHe data from the Caopo and Manianping transects show a 263 
strong positive relationship with elevation (Fig. 4). Six ZFT ages obtained from the 264 
Caopo transect (2500 m to 4312 m) range between 6.1 ± 0.7 Ma and 9.0 ± 0.5 Ma 265 
(Tables 1 and 2 and Fig. 4a). The age elevation plot shows an apparent rock 266 
exhumation of ~0.5 +0.2/-0.3 km/m.y. between ~10 and ~6 Ma.  267 
ZHe ages from the Caopo transects are mostly reproducible for each sample 268 
(Tables 1 and 3 and Fig. 4b). Plots of ZHe ages versus grain size and effective 269 
Uranium ([eU] = [U] + 0.235 × [Th]) content show no clear relationship (Figs. S1 and 270 
S2), and therefore radiation damage does not appear to be controlling the distribution 271 
of ages [Guenthner et al., 2013]. Regression between the weighted mean ages and 272 
elevations indicates exhumation rates of ~1.5 +0.3/-0.6 km/m.y. between ~7 and ~5 273 
Ma (Fig. 4a), three times that between ~9 and ~6 Ma constrained by ZFT results.  274 
Over-dispersion in AHe ages has been observed for two out of the eight samples 275 
from the Caopo transect (Table 4 and Fig. 4a). However, these AHe outliers do not 276 
show clear relationships with eU and grain size (Figs. S1 and S2), indicating potential 277 
influences from effects, such as U-Th-zoning, grain breakage [e.g., Fitzgerald et al., 278 
2006; Brown et al., 2013]. Excluding outliers, the calculated weighted mean AHe 279 
ages range from 4.1 ± 0.2 to 2.4 ± 0.1 Ma and show a correlation with elevation. The 280 
best-fit line gives an exhumation rate of ~1.4 +0.8/-0.4 km/m.y between ~4 and ~2 281 
Ma (Fig. 4a), consistent with the ZHe rate. 282 
To confirm the rock exhumation rates from the Caopo transect, ZHe data were 283 
also acquired for the Manianping transects (Tables 1 and 3 and Fig. 4b). The results 284 
also show over-dispersion for a few samples, especially the upper samples, XLB16-21 285 
and XLB16-23, from elevations of ~4922 m and 4300 m, respectively. Nevertheless, 286 
all ages from this transect show a positive correlation with elevation and can be used 287 
to calculate an exhumation rate. Regression between ZHe ages and elevations 288 
indicates an exhumation rate of ~1.5 +0.4/-0.7 km/m.y. between ~7 and ~5 Ma, which 289 
is similar to rates obtained from the Caopo transect. 290 
 291 
6. 3D thermo-kinematic modeling 292 
 To combine the multi-thermochronologic results and to verify the estimates of 293 
exhumation rates from the age-elevation profiles, 3D thermo-kinematic modeling was 294 
conducted using the Pecube code [Braun 2003; Braun et al., 2012]. The program uses 295 
a Bayesian approach (the Neighbourhood Algorithm of Sambridge 1999a, b) to derive 296 
estimates of rock uplift rate and topographic relief evolution through time using a 297 
three-dimensional thermo-kinematic model that solves the heat equation taking into 298 
account heat conduction, advection and production under a time-evolving surface 299 
topography, which is simplified as a fraction factor (R) of the present topography.  300 
Pecube inverse modelling includes two stages. A first stage, where the NA 301 
explores the transdimensional parameter space to find a parameter combination that 302 
produces the minimum misfit between the observed data and Pecube predictions. The 303 
parameterisation using this space searching method converges quickly in several to a 304 
few tens of thousands of iterations [e.g. Braun et al., 2013; Coutand et al., 2014; 305 
Herman et al., 2010; Robert et al., 2011]. The forward model results from the first stage 306 
are then appraised using the NA-bayesian method [Sambridge, 1999b], which 307 
calculates the posterior probability density function (PPDF) of model parameters. For 308 
details of the modeling method, see Braun et al. [2012]. 309 
 310 
6.1. Model setup 311 
  Modeling used all weighted mean and central AHe, ZHe and ZFT results 312 
derived from the 12 samples from the Caopo and Manianping transects. The model 313 
setup is shown in Table 5 and Fig. 5. The starting time of the model is set as 20 Ma, 314 
because previous studies suggested that exhumation in the region may have initiated 315 
in early Miocene time [Wang et al., 2012]. Cenozoic faults are absent within the 316 
Xuelongbao massif (Fig. 3) and thus are not considered in our modeling of 317 
thermochronology data from the massif. Inverted parameters include: (1) a 318 
transitional time between 1 and 18 Ma, when rock exhumation may have changed, as 319 
shown by previous studies in adjacent areas [Godard et al., 2009; Wang et al., 2012], 320 
(2) exhumation rates (E1 and E2, varying from 0-3 km/m.y.) before and after the 321 
transitional time, (3) a relief factor (R, 0.5-1.5) that defines the ratio between the 322 
transitional time and present-day relief, and (4) basal temperature at ~30 km. The 323 
present temperature in the Longmen Shan and farther west area is about 20-30 
o
C/km, 324 
as shown by borehole thermal logging results [Xu et al. 2010; Li et al. 2015]. The 325 
initial geothermal gradient should be lower than the present-day, because late 326 
Cenozoic exhumation should have increased the thermal gradient to the current values 327 
[Ehlers, 2005]. Therefore, the parameter space for basal temperature is set as between 328 
400 and 700 
o
C, which is equivalent to an initial geothermal gradient of ~13-23 
o
C/km. 329 
We also ran a second model with the basal temperature set as 400-900 
o
C to test the 330 
sensitivity of models to this parameter (Fig. S3). Other parameters are the same as the 331 
first model (Table 5). 332 
Calculations of AHe, ZHe and ZFT ages are based on diffusion and annealing 333 
models of Farley [2000], Reiners et al. [2004] and Rahn et al. [2004]. The misfit 334 
function is calculated by comparing the slope of the age-elevation relationship for 335 
each system. For inverse modeling, 200 iterations, with 100 sample size per iteration 336 
and 90% resampling rate, were applied.  337 
 338 
6.2 Modeling results 339 
Inverse modeling indicates the transitional time as before ~12-15 Ma, with a 340 
best-fit at ~13 Ma (Figs. 6b). Exhumation rates (E1 and E2) before and after the 341 
transitional time are constrained as <0.5 km/m.y. and ~0.9-1.2 km/m.y. (Fig. 6c). 342 
These rates overlap with those constrained by age-elevation profiles (Fig. 4). The 343 
relief ratio (R) is constrained as < 0.8 at the transitional time (Fig. 6a), indicating a 344 
relief growth since that time. The basal temperature is constrained as >600 
o
C (Fig. 345 
6a), corresponding to an initial geothermal gradient of >20 
o
C/km.  346 
Worth noting is that the inverted relief ratio and basal temperature values with 347 
low misfit are distributed close to margins of the prior parameter space (Fig. 6a), as 348 
also shown by previous modeling of this kind [van der Beek et al., 2010; Braun et al., 349 
2012]. Such a modeling result is also shown by the second model which enlarges the 350 
basal temperature prior space to 400-900 
o
C (Fig. S3a). We suggest that these kinds of 351 
outputs are modeling artifacts, which arise for deriving better fits to the observations. 352 
Nevertheless, other inverted parameter values of the second model (Fig. S3) are 353 
similar to those derived for the first model (Fig. 6).  354 
Further, as shown in Fig. 5b, the upper crustal geothermal gradient increased 355 
during rock exhumation. The predicted temperature profile of the model with an 356 
initial basal temperature of 400-700 
o
C yields a current geothermal gradient of ~30-40 357 
o
C/km, falling at the high end of borehole measurements (20-35 
o
C/km) [Xu et al. 358 
2011; Li et al. 2015]. Given that the model also provides a reasonable fit to the 359 
thermochronology data (Fig. 6d), we prefer the first model and its results. 360 
To summarize, our new thermochronology results and 3D thermo-kinematic 361 
modeling provide unique constraints on rock exhumation rates in the Xuelongbao 362 
massif over different time intervals due to differences in closure temperatures 363 
(ZFT>ZHe>AHe, e.g., Reiners and Brandon, 2006), and suggest an enhanced late 364 
Miocene exhumation at a rate of ~0.9-1.2 km/m.y. This new estimate is significantly 365 
higher than that determined by previous studies (0.5-0.8 km/m.y. or 0.7-0.9 km/m.y) 366 
using ZHe, ZFT and AFT dates derived from vertical profiles at lower elevations 367 
[Godard et al., 2009; Tan et al., 2017]. 368 
 369 
7. Discussion 370 
7.1. Onset time of late Cenozoic rock exhumation 371 
The age-elevation profiles show rapid rock uplift and exhumation in the 372 
Xuelongbao massif existed at or before ~10 Ma (Fig. 4); whereas modeling suggested 373 
an initiation time at ~12-15 Ma (Fig. 6). This timing is consistent with studies of 374 
adjacent areas (Fig. 1b), such as the Pengguan massif to the east [Kirby et al., 2002; 375 
Godard et al., 2009; Wang et al., 2012; Cook et al., 2013], the Western Qinling to the 376 
north [Enkelmann et al., 2006], plateau hinterland areas to the west [Tian et al., 2015], 377 
and regions farther south [Clark et al., 2005; Ouimet et al., 2010; Zhang et al., 2016]. 378 
This confirms that late Miocene enhanced exhumation was contemporaneous across 379 
the eastern part of the Tibetan Plateau, similar to other studies [Clark et al., 2005; 380 
Enkelmann et al., 2006; Godard et al., 2009; Tian et al., 2015; Tan et al., 2017a]. Such 381 
a synchronous phase of exhumation indicates regional late Miocene growth of 382 
topographic relief and has important implications for geodynamics in the eastern 383 
Tibetan Plateau [e.g., Royden et al., 1997; Tapponnier et al., 2001; Molnar et al., 2010; 384 
Wang et al., 2012]. 385 
Previous studies reported an Oligocene – early Miocene phase of enhanced 386 
exhumation in the Pengguan massif [Wang et al., 2012], directly east of the study area, 387 
as well as at several sites to the far south [Shen et al., 2016; Zhang et al., 2016; 388 
Liu-Zeng et al., 2018]. But, this phase of exhumation is not recorded by the 389 
thermochronology vertical profiles from the Xuelongbao massif, even though a 390 
similar combination of thermochronology methods as those previous studies has been 391 
used. Furthermore, available thermochronology data with higher closure temperature 392 
(e.g., muscovite Ar-Ar data reported by Arne et al., [1997] and Yan et al., [2008]) are 393 
as old as ~160-120 Ma (Fig. 7), although it is worth noting that the low-temperature 394 
heating steps of the 
40
Ar/
39
Ar age spectra do show relatively younger ages (~100-50 395 
Ma), probably indicating partial loss of radiogenic Ar during a Cenozoic thermal 396 
event. However, the current data cannot provide a quantitative constraint on the 397 
timing of this event. Therefore, it remains unclear whether or not the Oligocene – 398 
early Miocene phase of rock exhumation affected the Longmen Shan hinterland. 399 
 400 
7.2. Post-late Miocene differential exhumation 401 
 A projection of available thermochronology data across the central part of the 402 
Longmen Shan shows evident structural control on horizontal age distribution (Fig. 7). 403 
For example, ZHe ages decrease westward from >200 Ma to ~10–50 Ma from the 404 
footwall to hanging wall of the Yingxiu-Beichuan fault. Farther west, ZHe ages 405 
decrease again to 6-10 Ma in the hanging wall of the Wenchuan-Maoxian fault. 406 
Similar patterns are also shown by AHe, AFT and ZFT age distributions, indicating 407 
higher rates of exhumation in the hanging walls of the Yingxiu-Beichuan and 408 
Wenchuan-Maoxian faults, as quantified below. 409 
As estimated using age-elevation relationships and 3D thermo-kinematic 410 
modeling, post-late Miocene (~13-0 Ma) exhumation rate in the hanging wall of the 411 
Wenchuan-Maoxian fault is ~0.9-1.2 km/m.y., which is evidently higher than that in 412 
the Pengguan massif, the footwall of the fault (Fig. 8). Using the ZHe age-elevation 413 
profile method, Godard et al. [2009] indicated that the average exhumation rate in the 414 
Pengguan massif is 0.5-0.8 km/m.y. since 8-11 Ma. Wang et al. [2012] using a 415 
combination of multiple thermochronological data from vertical profiles across the 416 
massif, suggested an episodic exhumation history, with rates of ~0.8 km/m.y. between 417 
30-25 Ma and ~0.3-0.5 km/m.y. between 10 Ma and the present. Compared to the 418 
Xuelongbao massif exhumation rate (~0.9-1.2 km/m.y.), post-late Miocene 419 
differential exhumation can be approximated as ~0.6 km/m.y. for the 420 
Wenchuan-Maoxian fault. This estimate is consistent with, but not necessarily related 421 
to, the observation that relatively higher metamorphic grade rocks are exposed in the 422 
hanging wall of the Wenchuan-Maoxian fault compared to the footwall 423 
(amphibolite-greenschist versus zeolite facies) [Dirks et al., 1994; Worley and 424 
Wilson,1996; Airaghi et al., 2017, 2019]. 425 
 426 
7.3. Fault kinematics 427 
The spatial exhumation pattern across the Wenchuan-Maoxian fault characterized 428 
by apparently higher rates in the hanging wall than the footwall (Fig. 8), indicates that 429 
the fault experienced significant movement related to east-vergent reverse faulting. If 430 
the topography on both sides of the Wenchuan-Maoxian fault was similar during the 431 
late Miocene, the observed differential exhumation rates across the fault (~0.6 432 
km/m.y.) provide a constraint on the long-term (million-year scale) throw rate along 433 
the fault. Further, because the fault NW-ward dip-angle is as high as 80-90
o
 [e.g. Liu 434 
et al., 1994; Feng et al., 2016], the total dip-slip is similar to the throw rate. 435 
Furthermore, as shown by deflection of river channels, strike-slip along the 436 
Wenchuan-Maoxian fault could be significant but unknown [Burchfiel et al., 1995; 437 
Godard et al., 2010]. For these reasons, the estimate of shortening (~0.6 km/m.y.) 438 
from thermochronolgy data should be considered as a minimum constraint of fault 439 
slip rate.  440 
A second possible, but unlikely explanation, for the higher exhumation rates in 441 
the Xuelongbao massif is that it is located over a fault-ramp, whereas the Pengguan 442 
massif over a flat. However, such a fault geometry is inconsistent with previous 443 
geological and geophysical studies that shows the Wenchuan-Maoxian fault as a 444 
steeply NW-dipping fault (see Section 2 for details).  445 
Therefore, for interpreting the observed differential exhumation across the fault 446 
we prefer a model indicating that the Wenchuan-Maoxian fault has accommodated 447 
significant dip-slip (~0.6 km/m.y.). This model is also consistent with 448 
medium-short-term observations. For example, several late Pleistocene fluvial 449 
terraces (dated at ~20-24 kyr by the radiocarbon and thermoluminescence dating 450 
methods) were uplifted above the Minjiang riverbed by ~20-50 m along the 451 
Wenchun-Maoxian fault, suggesting a minimum medium-term throw rate of ~0.5-1.1 452 
mm/yr [Ma et al., 2005; Li et al., 2006; Zhou et al., 2006; Chen et al., 2007; Godard et 453 
al., 2010; Wang et al., 2016, 2017], consistent with the above long-term estimate. 454 
Therefore, our data clearly indicate that the slip rate of the Wenchuan-Maoxian fault 455 
has remained essentially consistent over a 10
5
-10
6
 yr timescale, implying that this 456 
fault has continuously accommodated significant amounts of shortening since the late 457 
Miocene to the present. 458 
 459 
7.4. Regional geodynamic implications 460 
Our new results serve to highlight the importance of the Wenchuan-Maoxian 461 
fault in accommodating crustal shortening in the Longmen Shan region and challenge 462 
previous interpretations that suggested the fault has accommodated little dip-slip 463 
[Godard et al., 2009, 2010; Gao et al., 2016] or acted as a normal fault during the late 464 
Cenozoic [Meng et al., 2006; Burchfiel et al., 2008; Royden et al., 2008]. This work 465 
provides new support to geodynamic models that predict crustal shortening along the 466 
hinterland fault of Longmen Shan [Hubbard and Shaw, 2009; Guo et al., 2013; Tian et 467 
al., 2013, 2015; Feng et al., 2016]. 468 
Previous geodynamic models for explaining the deformation and uplift of the 469 
eastern margin of Tibetan Plateau include a upper crustal shortening model [Hubbard 470 
and Shaw, 2009; Tian et al., 2013; Feng et al., 2016; Tan et al., 2019], a lower crustal 471 
flow model [Burchfiel et al., 1995, 2008; Royden et al., 1997, 2008; Clark and 472 
Royden, 2000], and lithospheric simple-shear or pure-shear deformation models 473 
[Robert et al., 2010; Yin, 2010; Guo et al., 2013; Tan et al., 2019]. First, our results, 474 
showing crustal shortening in the Longmen Shan hinterland, is consistent with the 475 
upper crustal shortening model that highlights the importance of listric reverse 476 
faulting in forming the plateau margin [Hubbard and Shaw, 2009; Tian et al., 2013; 477 
Feng et al., 2016; Tan et al., 2019]. Second, the transpressional deformation along the 478 
Wenchuan-Maoxian fault is contrary to the prediction of the lower crustal flow model 479 
that the fault was a late Miocene normal fault to accommodate inflation and extrusion 480 
of lower crustal in the footwall [Burchfiel et al., 1995, 2008; Royden et al., 1997, 481 
2008; Clark and Royden, 2000]. Lastly, our results cannot provide diagnostic insights 482 
on the potential pure-shear deformation at depth. Nevertheless, significant upper 483 
curtal shortening in a simple-shear mode is required to explain the previous and our 484 
new thermochronology data in the Longmen Shan. To summarize, this study 485 
underlines the importance of thrusting-induced crustal shortening in contributing the 486 
mountain building in the eastern margin of Tibetan Plateau. 487 
 488 
8. Conclusions 489 
(1) New low temperature thermochronology data acquired from two vertical 490 
profiles spanning the entire relief of the hanging wall of the ESE-verging hinterland 491 
Wenchuan-Maoxian fault indicate rapid exhumation since the late Miocene, with 492 
accelerated rates of ~0.9-1.2 km/m.y. since late Miocene time. Such an exhumation 493 
rate is significantly higher than that in the footwall (~0.3-0.5 km/m.y.), indicating a 494 
significant difference in exhumation rate across the fault. 495 
(2) The variation in exhumation provides the first and minimum constraint on the 496 
long-term dip-slip rate of the Wenchuan-Maoxian fault. This result suggests that the 497 
hinterland fault has accommodated significant crustal shortening during late Cenozoic 498 
time, even though it was not ruptured by the destructive 2008 Wenchuan Earthquake. 499 
(3) Our results lend support to geodynamic models that highlight crustal 500 
shortening as dominating deformation along the eastern Tibetan Plateau. 501 
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  820 
Figures captions 821 
Figure 1. Tectonics and regional topography of the eastern Tibetan Plateau. (a) Digital 822 
elevation model of the topography of the Tibetan Plateau, showing the location of the 823 
study area (red rectangle). (b) Digital elevation model of the topography and active 824 
faults in and around the study area. Previous determinations for the exhumation rate 825 
and the age of the onset of rapid exhumation at sites marked by red stars are also 826 
shown. Faults are simplified from the work of Xu et al. [1992], Burchfiel et al. [1995], 827 
Chen et al. [1995], Densmore et al. [2007], Xue et al. [2017] and Yan et al. [2018].  828 
Abbreviations: WMF = Wenchuan-Maoxian fault; YBF = Yingxiu-Beichuan fault; 829 
GAF = Guanxian-Anxian fault; LRBF = Longriba fault; LTF = Litang fault; JLF = 830 
Jiulong fault; XSHF = Xianshuihe fault. Reference codes are: 1 = Wang et al. [2012]; 831 
2 = Tian et al. [2013] and Cook et al. [2013]; 3 = Tian et al. [2015] and Ansberque et 832 
al. [2018]; 4 = Ouimet et al. [2010]; 5 = Clark et al. [2005]; 6 = Tian et al. [2014]; 7 = 833 
Zhang et al. [2016]; 8 = Tan et al. [2017b]; 9 = Zhang et al. [2015]; 10 = Zhang et al. 834 
[2017]. The red rectangle shows the locality of this study. (c) Topographic map 835 
(SRTM) of the study area, showing sample locations, river network and 836 
Wenchuan-Maoxian fault. Samples from the Caopo and Manianping transects are 837 
shown by blue triangles and circles, respectively. 838 
 839 
Figure 2. (a) Tectonic map showing main structures of the Tibetan Plateau and 840 
location of the Longmen Shan. Abbreviations: ATF = Altyn Tagh Fault; GXF = 841 
Ganzi-Xianshuihe Fault; HF = Haiyuan Fault; JF = Jiali Fault; KLF = Kunlun Fault; 842 
KF = Karakorum Fault; RRF = Red River Fault; SF = Sagaing fault, SG = 843 
Songpan-Ganze terrane, YZ = Yangtze terrane, TB = Tarim Basin, TP = Tibetan 844 
Plateau. Cross section A-A’ are shown below. (b) Generalized geology map of the 845 
Longmen Shan and its vicinity, modified after SBGMR [1991], Burchfiel et al. [1995], 846 
Roger et al. [2004], Xu et al. [2008] and Tian et al. [2013]. Indexes for fault zones: 847 
WMF = Wenchuan-Maoxian Fault, YBF = Yingxiu-Beichuan Fault, GAF = 848 
Guanxian-Anxian Fault, XGF = Xiaoguanzi Fault, WLF = Wulong Fault. 849 
Abbreviations: XM = Xuelongbao massif; PM = Pengguan massif; TM = Tonghua 850 
massif; BM = Baoxing massif. (c) A geological cross-section across the Xuelongbao 851 
and Pengguan massifs based on field structural analysis and seismic profile [for 852 
locations see panel b], after Worley and Wilson [1996], Jin et al. [2010], Airaghi et al. 853 
[2017], Xue et al. [2017] and Yan et al. [2018]. 854 
 855 
Figure 3. Simplified geological map of the central Longmen Shan. Locations of 856 
samples collected for this study are shown along two elevation transects (blue 857 
triangles and circles for Caopo transect and Manianping transect, respectively) in the 858 
Xuelongbao massif, a crystalline massif in the hanging wall of the 859 
Wenchuan-Maoxian Fault. Data from previous studies are available in the 860 
Supplementary Information. Reference codes are: 1 = Arne et al. [1997]; 2 = Kirby et 861 
al. [2002]; 3 = Godard et al. [2009]; 4 = Wilson and Fowler [2011]; 5 = Wang et al. 862 
[2012]; 6 = Tan et al. [2017a]; 7 = Yan et al. [2008]. Abbreviations: WMF = 863 
Wenchuan-Maoxian Fault, YBF = Yingxiu-Beichuan Fault, GAF = Guanxian-Anxian 864 
Fault. 865 
 866 
Figure 4. Age-elevation transects for thermochronologic data showing (a) ZFT ages, 867 
ZHe ages and AHe ages for the Caopo transect and (b) ZHe ages for the Manianping 868 
transect. The straight lines are least squares regressions assuming a single exhumation 869 
event with 95% confidence interval. Filled symbols denote grain replicates included 870 
in the mean age determination. Open symbols are grain ages excluded. Solid and 871 
dashed lines denote best-fits and ± 1 variations of robust linear regression of the 872 
age-elevation correlations. 873 
 874 
Figure 5. (a) Model setup for the 3D thermo-kinematic modeling of this work 875 
(parameters are given in Table 5). The model calculates evolving thermal field of a 876 
30-km-thick crustal block using a combination of geothermal, rock exhumation (grey 877 
arrows), landscape evolution parameters. The topography is scaled from SRTM digital 878 
elevation model by a relief factor (R). Samples from which thermochronological ages 879 
have been determined and used as model inputs are marked as white squares on top of 880 
the topography. (b) Temperature – depth plots at the starting time (20 Ma), the best-fit 881 
transitional time (~13 Ma, see figure 6) and the present-day (0 Ma) along the 882 
synthetic borehole A-A’. The predicted temperature profile yields a current 883 
geothermal gradient of 30-35 
o
C/km. 884 
 885 
Figure 6. 2D scatter diagrams showing (a-c) results of the NA inversion and (d) 886 
comparison between observations and predictions by the best-fit model. Panels a-c are 887 
the projection of the full parameter space onto a plane defined by two of the five 888 
parameters: (a) relief ratio versus transitional time, (b) exhumation rates before (E1) 889 
and after (E2) the transitional time, (c) relief ratio versus basal temperature. In each of 890 
these three panels, each dot corresponds to a forward model, which is color-coded by 891 
the value of misfit between predictions and input observations. The best-fit model 892 
with minimum misfit is marked by yellow star in each plot. Panel (d) compares the 893 
observations and modeled predictions by the best-fit model. 894 
 895 
Figure 7. Projection of low-temperature thermochronology data compiled in Figure 3, 896 
along the central Longmen Shan swath (A-A’). For location of the swath, see Figure 3. 897 
Topographic features were calculated using a 10 km circle window. Vertical dashed 898 
lines show the surface locations of the fault zones. The panel shows apparent lateral 899 
differences in thermochronological ages across the Wenchuan-Maoxian and 900 
Yingxiu-Beichuan faults. Details of data plotted are compiled in Tables S5. Fault 901 
notation as for Fig. 1b. 902 
 903 
Figure 8. Projection of exhumation rates from data in vertical profiles in the 904 
Xuelongbao and Pengguan massifs (compiled in Figure 3) along the central Longmen 905 
Shan swath (A-A’). Data highlight the clear difference in exhumation rate across the 906 
Wenchuan-Maoxian fault. See Figure 3 for location of swath. Fault notation as for Fig. 907 
1b. 908 
 909 
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  915 
Tables: 916 
Table 1. Summary of new AHe, ZHe and ZFT data reported in this study. 917 
Sample No. Latitude Longitude Elevation AHe age1 1σ ZHe age1 1σ ZFT age 1σ 
Caopo transect             
XLB16-11 31.4089 103.3620 4312 4.1 0.2 7.0 0.2 8.3 0.8 
XLB16-13 31.4049 103.3563 4056 3.0 0.4 5.9 0.5 9.0 0.6 
XLB16-16 31.4058 103.3435 3683 3.9 0.1 6.6 0.2 8.9 0.6 
XLB16-18 31.3989 103.3319 3126 3.0 0.2 6.5 0.5 
  
BX319 31.3935 103.3829 2905 
    
6.7 0.6 
BX318 31.3801 103.3775 2700 3.6 0.3 5.9 0.5 6.2 1.0 
BX317 31.3713 103.3807 2500 2.8 0.3 
  
6.1 0.7 
BX316 31.3498 103.3856 2107 2.5 0.1 5.4 0.4 
  
BX321 31.3180 103.3970 1728 2.4 0.1 5.4 0.2 
  
Manianping transect 
        
XLB16-21 31.4347 103.4082 4922   7.1 0.5    
XLB16-23 31.4244 103.4132 4300   7.2 0.7    
XLB16-25 31.4276 103.4243 3605   6.2 0.7    
XLB16-3 31.4027 103.4301 2960   6.4 0.3    
XLB16-5 31.4101 103.4464 2401   6.0 0.3    
XLB16-7 31.4040 103.4801 1827   5.4 0.6    
1
 Weighted means calculated using Isoplot V3.59 [Ludwig, 1991]. 918 
 919 
 920 
 921 
Table 2. ZFT results from Caopo transect of Xuelongbao massif, central Longmen Shan 922 
Sample No. of 
Spontaneous* Induced* Dosimeter* 
P(χ2)  U Age  
Dispersion 
Age 
(Ma) 
No. 
Grains ρs (×10
6
 
m
−2
)  
Ns ρi (×10
6
 
m
−2
)  
Ni ρd (×10
6
 
m
−2
)  
Nd % (ppm) % (± 1σ)
†
 
XLB16-11 
17 0.54 220 2.30 965 0.58 2406 15.7 142.9 18.7 8.3 ± 
0.8 
XLB16-13 
20 0.59 275 2.31 1121 0.58 2406 93.0 143.5 0 9.0 ± 
0.6 
XLB16-16 
20 1.08 282 4.39 1163 0.58 2406 74.7 272.8 0.2 8.9 ± 
0.6 
BX319 
14 0.99 233 5.23 1267 0.58 2406 14.1 325.2 16 6.7± 
0.6 
BX318 
4 0.58 44 3.52 262 0.58 2406 85.3 218.8 0 6.2± 
1.0 
BX317 
14 0.30 105 1.71 629 0.58 2406 74.9 106.6 0.5 6.1± 
0.7 
* All samples were dated using the external detector method. 923 
†
Age data determined by AC using zeta (CN5) = 127 ± 5. All ages are central ages calculated from 924 
Galbraith and Laslett (1993). 925 
 926 
 927 
 928 
 929 
Table 3. Single-grain zircon (U-Th)/He results from the Xuelongbao massif, central Longmen 930 
Shan 931 
Sample No. 
4
He 
(ncc) 
Mass 
(mg) 
U 
(ppm) 
Th 
(ppm) 
Th/U Rs 
1
 
(μm) 
FT 
2
 Corr. 
Age 
(Ma) 
Error 
(±1σ) 
Weighted 
Mean 
3 
(Ma ± 1σ) 
[eU]
 4
 
Caopo transect           
XLB16-11-1 3.251  0.0114  226.4  782.3  3.5  70.7  0.81  7.1 0.5 7.0 ± 0.2 410.2 
XLB16-11-2 5.920  0.0144  462.7  379.9  0.8  71.8  0.82  7.5 0.5  552.0 
XLB16-11-3 5.923  0.0123  549.2  886.5  1.6  70.4  0.81  6.5 0.4  757.5 
XLB16-11-4 2.256  0.0109  215.9  381.5  1.8  65.9  0.80  7.0 0.5  305.5 
XLB16-13-1 2.408  0.0130  270.8  116.5  0.4  77.6  0.83  6.1 0.4 5.9 ± 0.5 298.2 
XLB16-13-2 2.933  0.0094  407.0  332.7  0.8  68.8  0.81  6.5 0.4  485.2 
XLB16-13-3 2.123  0.0090  371.2  148.5  0.4  63.9  0.80  6.0 0.4  406.1 
XLB16-13-4 1.626  0.0094  310.0  123.7  0.4  63.0  0.80  5.2 0.3  339.0 
XLB16-16-1 1.314  0.0080  229.9  151.9  0.7  54.5  0.77  6.7 0.4 6.6 ± 0.2 265.6 
XLB16-16-2 1.193  0.0068  217.0  147.6  0.7  59.8  0.79  7.3 0.5  251.7 
XLB16-16-3 0.827  0.0063  191.4  125.3  0.7  55.3  0.77  6.3 0.4  220.8 
XLB16-16-4 1.148  0.0064  260.4  178.6  0.7  55.2  0.77  6.4 0.4  302.3 
XLB16-18-1 1.402  0.0077  283.9  156.0  0.5  62.0  0.79  5.9 0.4 6.5 ± 0.5 320.6 
XLB16-18-2 2.887  0.0158  240.7  129.2  0.5  72.6  0.82  6.7 0.4  271.1 
XLB16-18-3 2.244  0.0089  372.1  167.9  0.5  61.0  0.79  6.4 0.4  411.6 
XLB16-18-4 2.087  0.0084  312.7  141.2  0.5  58.1  0.78  7.5 0.5  345.9 
BX318-1 0.104  0.0054  165.1  90.5  0.5  58.1  0.78 6.4 0.4 5.9 ± 0.5 186.3 
BX318-2 0.103  0.0049  97.5  59.4  0.6  52.4  0.76 5.2 0.3  111.5 
BX318-3 0.099  0.0105  119.4  90.6  0.8  68.5  0.80 6.4 0.4  140.7 
BX318-4 0.150  0.0071  477.8  234.6  0.5  57.2  0.78 6.1 0.4  532.9 
BX316-1 0.702  0.0132  77.7  30.7  0.4  69.0  0.81 6.2 0.4 5.4 ± 0.4 84.9 
BX316-2 0.563  0.0111  81.7  32.4  0.4  72.2  0.82 5.6 0.4  89.3 
BX316-3 0.560  0.0097  106.0  36.7  0.3  70.0  0.81 5.0 0.3  114.6 
BX316-4 0.843  0.0172  79.5  38.9  0.5  80.9  0.84 5.4 0.3  88.6 
BX321-1 0.426  0.0158  391.5  226.7  0.6  76.2  0.82 5.8 0.4 5.4 ± 0.2 444.8 
BX321-3 0.124  0.0071  301.7  167.5  0.6  59.4  0.78 5.4 0.4  341.1 
BX321-4 0.122  0.0130  198.6  152.9  0.8  72.2  0.81 5.2 0.3  234.5 
Manianping transect           
XLB16-21-1 0.390  0.0061  72.7  21.9  0.3  59.9 0.78  6.7 0.4 7.1 ± 0.5 77.9 
XLB16-21-2 1.180  0.0126  94.4  51.7  0.5  78.6 0.83  7.2 0.4  106.5 
XLB16-21-3 0.592  0.0090  74.0  25.0  0.3  66.8 0.81  6.7 0.4  79.8 
XLB16-21-4 2.839  0.0154  156.6  62.8  0.4  73.7 0.83  8.8 0.5  171.4 
XLB16-21-5 0.692  0.0200  39.6  14.8  0.4  76.6 0.82  6.6 0.4  43.1 
XLB16-23-1 0.635  0.0154  48.2  19.1  0.4  85.2 0.84  6.4 0.4 7.2 ± 0.7 52.7 
Sample No. 
4
He 
(ncc) 
Mass 
(mg) 
U 
(ppm) 
Th 
(ppm) 
Th/U Rs 
1
 
(μm) 
FT 
2
 Corr. 
Age 
(Ma) 
Error 
(±1σ) 
Weighted 
Mean 
3 
(Ma ± 1σ) 
[eU]
 4
 
XLB16-23-2 1.621  0.0209  66.7  26.9  0.4  91.2 0.86  8.7 0.5  73.0 
XLB16-23-3 0.512  0.0078  69.0  23.5  0.3  63.0 0.80  7.2 0.4  74.5 
XLB16-23-4 0.511  0.0084  50.8  24.5  0.5  64.7 0.80  8.8 0.5  56.6 
XLB16-23-5 1.071  0.0108  121.8  32.1  0.3  72.8 0.83  6.3 0.4  129.3 
XLB16-25-1 0.367  0.0075  55.1  30.5  0.6  58.2 0.78  6.5 0.4 6.2 ± 0.7 62.2 
XLB16-25-2 0.401  0.0076  54.3  21.5  0.4  57.7 0.78  7.4 0.5  59.3 
XLB16-25-3 0.458  0.0066  86.9  28.1  0.3  62.4 0.79  6.1 0.4  93.5 
XLB16-25-4 0.465  0.0099  65.8  27.3  0.4  67.1 0.81  5.4 0.3  72.2 
XLB16-3-1 3.555  0.0203  227.2  53.2  0.2  92.9 0.86  7.0 0.3 6.4 ± 0.3 239.7  
XLB16-3-2 3.194  0.0154  324.6  98.2  0.3  72.1 0.83  5.9 0.3  347.6  
XLB16-3-3 3.046  0.0188  212.1  131.9  0.6  80.9 0.84  6.5 0.3  243.1  
XLB16-3-4 2.208  0.0138  229.2  85.7  0.4  79.0 0.84  6.3 0.3  249.4  
XLB16-5-1 0.788  0.0064  192.0  158.0  0.8  53.3 0.76  5.8 0.3 6.0 ± 0.3 229.2  
XLB16-5-2 0.410  0.0050  137.2  95.0  0.7  49.8 0.75  5.7 0.3  159.5  
XLB16-5-3 1.898  0.0077  393.1  205.8  0.5  57.0 0.78  5.9 0.3  441.5  
XLB16-5-4 3.652  0.0056  981.2  282.2  0.3  52.0 0.76  6.7 0.3  1047.5  
XLB16-7-1 1.141  0.0055  351.2  132.1  0.4  50.1 0.75  6.0 0.3 5.4 ± 0.6 382.3  
XLB16-7-2 2.524  0.0051  742.0  363.3  0.5  51.8 0.76  6.5 0.3  827.4  
XLB16-7-3 0.223  0.0073  56.3  44.8  0.8  58.4 0.78  4.8 0.2  66.9  
XLB16-7-4 0.368  0.0067  101.7  47.7  0.5  56.3 0.78  5.1 0.3  112.9  
1
 Radius of a sphere with the equivalent surface area-to-volume ratio as cylindrical crystals 932 
(Meesters & Dunai, 2002). 933 
2
 FT is the a-ejection correction after Farley et al. [1996]. 934 
3
 Weighted means at 95% confidence level calculated using Isoplot V3.59 [Ludwig, 1991].  935 
4 
Effective Uranium content, [eU] =U+ 0.235Th ppm [Flowers et al., 2007]. 936 
 937 
 938 
 939 
 940 
Table 4. Single-grain apatite (U-Th)/He results from Caopo transect of Xuelongbao massif, central 941 
Longmen Shan 942 
Sample No. 
4
He 
(ncc) 
Mass 
(mg) 
U 
(ppm) 
Th 
(ppm) 
Sm 
(ppm) 
Th/U Rs 
1
 
(μm) 
FT 
2
 Corr. 
Age 
(Ma) 
Error 
(±1σ) 
Weighted 
Mean 
3 
(Ma ± 
1σ) 
[eU]
 4
 
XLB16-11-1 0.117 0.0300 8.7 7.4 94.5 0.8 70.7  0.81  3.5 0.2 4.1 ± 0.2 10.4 
XLB16-11-2 0.105 0.0145 14.7 9.4 30.4 0.6 71.8  0.82  4.3 0.3  16.9 
XLB16-11-3 0.331 0.0346 17.3 14.1 9.4 0.8 70.4  0.81  4.4 0.3  20.6 
XLB16-11-4 0.105 0.0202 9.7 11.0 40.6 1.1 65.9  0.80  4.1 0.2  12.2 
XLB16-11-5 0.103 0.0270 7.9 5.3 30.6 0.7 77.6  0.83  4.0 0.2  9.2 
XLB16-11-6 0.072 0.0133 10.5 7.4 30.6 0.7 68.8  0.81  4.4 0.3  12.3 
Sample No. 
4
He 
(ncc) 
Mass 
(mg) 
U 
(ppm) 
Th 
(ppm) 
Sm 
(ppm) 
Th/U Rs 
1
 
(μm) 
FT 
2
 Corr. 
Age 
(Ma) 
Error 
(±1σ) 
Weighted 
Mean 
3 
(Ma ± 
1σ) 
[eU]
 4
 
XLB16-13-1 0.019 0.0074 6.5 4.1 39.0 0.6 63.9  0.80  3.6 0.2 3.0 ± 0.4 7.4 
XLB16-13-2 0.003 0.0070 2.3 3.8 9.1 1.7 63.0  0.80  1.4 0.1  3.2 
XLB16-13-3 0.008 0.0074 3.8 2.4 26.8 0.6 54.5  0.77  2.5 0.1  4.3 
XLB16-13-4 0.011 0.0091 3.1 1.7 20.4 0.6 59.8  0.79  3.5 0.2  3.5 
XLB16-13-5 0.016 0.0068 5.6 3.5 9.0 0.6 55.3  0.77  3.9 0.2  6.5 
XLB16-13-6 0.020 0.0065 6.8 6.9 15.7 1.0 55.2  0.77  3.9 0.2  8.5 
XLB16-16-1 0.059 0.0069 20.3 14.8 37.7 0.7 62.0  0.79  3.8 0.2 3.9 ± 0.1 23.8 
XLB16-16-2 0.030 0.0063 11.2 10.1 12.5 0.9 72.6  0.82  3.8 0.2  13.6 
XLB16-16-3 0.023 0.0043 12.9 6.4 40.5 0.5 61.0  0.79  4.1 0.2  14.5 
XLB16-16-4 0.017 0.0076 5.5 4.4 41.0 0.8 58.1  0.78  3.6 0.2  6.5 
XLB16-16-5 0.074 0.0044 35.7 39.9 9.5 1.1 69.0  0.81 4.1 0.2  45.1 
XLB16-16-6 0.024 0.0055 10.2 8.5 120.5 0.8 109.3 0.86 3.9 0.2  12.2 
XLB16-18-1 0.042 0.0248 6.2 2.7 7.9 0.4 82.3 0.82 2.4 0.1 3.0 ± 0.2 6.8 
XLB16-18-2 0.101 0.0285 8.8 6.4 45.5 0.7 111.2 0.86 3.3 0.2  10.3 
XLB16-18-3 0.055 0.0194 7.1 7.3 41.0 1.0 95.7 0.84 3.2 0.2  8.8 
XLB16-18-4 0.089 0.0201 10.1 6.8 50.6 0.7 107.1 0.86 3.7 0.2  11.7 
XLB16-18-5 0.030 0.0213 5.0 1.1 19.4 0.2 83.9 0.82 2.6 0.1  5.2 
XLB16-18-6 0.065 0.0195 9.8 3.8 29.1 0.4 67.9 0.78 3.1 0.2  10.7 
XLB16-18-7 0.116 0.0249 10.6 9.2 37.8 0.9 67.6 0.77 3.5 0.2  12.8 
BX318-1 0.072 0.0185 9.7 5.8 30.0 0.6 97.4 0.85  3.4 0.2 3.6 ± 0.3 11.1 
BX318-2 0.080 0.0179 8.3 5.3 28.7 0.6 99.4 0.85  4.7 0.2  9.6 
BX318-3 0.068 0.0110 12.5 7.5 35.4 0.6 94.7 0.84  4.4 0.2  14.3 
BX318-4 0.036 0.0078 11.6 8.6 25.3 0.7 101.8 0.86  3.5 0.2  13.7 
BX318-5 0.048 0.0152 9.1 6.2 21.9 0.7 71.0 0.79  2.9 0.1  10.5 
BX318-6 0.079 0.0157 9.7 8.6 45.1 0.9 81.7 0.82  4.3 0.2  11.7 
BX318-7 0.044 0.0072 16.9 11.8 50.4 0.7 91.7 0.84  3.3 0.2  19.6 
BX317-1 0.012 0.0088 4.0 3.7 9.7 0.9 70.1 0.78 2.9 0.1 2.8 ± 0.3 4.8 
BX317-2 0.016 0.0057 9.3 9.1 11.4 1.0 58.0 0.74 2.7 0.1  11.4 
BX317-3 0.014 0.0103 4.8 5.8 9.6 1.2 58.3 0.74 2.3 0.1  6.1 
BX317-4 0.063 0.0157 6.9 6.1 15.9 0.9 104.6 0.86 4.8 0.2  8.3 
BX317-5 0.026 0.0087 7.7 7.4 19.9 1.0 107.4 0.86 3.3 0.2  9.4 
BX317-6 0.024 0.0079 7.3 7.3 17.3 1.0 92.7 0.84 3.6 0.2  9.0 
BX316-1 0.024 0.0078 11.0 8.5 24.8 0.8 67.9 0.78 2.4 0.1 2.5 ± 0.1 13.0 
BX316-2 0.060 0.0134 16.0 8.3 45.1 0.5 75.2 0.80 2.5 0.1  18.0 
BX316-3 0.071 0.0193 11.0 7.5 44.8 0.7 66.6 0.77 2.8 0.1  12.8 
BX316-4 0.024 0.0126 5.2 6.3 3.2 1.2 66.5 0.77 2.9 0.1  6.7 
BX316-5 0.041 0.0246 5.0 4.6 6.8 0.9 67.1 0.77 2.6 0.1  6.0 
BX316-6 0.033 0.0135 9.0 8.6 20.9 1.0 62.8 0.76 2.2 0.1  11.0 
BX316-7 0.109 0.0199 20.8 10.4 32.5 0.5 57.4 0.74 2.3 0.1  23.3 
BX221-1 0.014 0.0073 8.0 6.8 14.0 0.8 82.0 0.82  2.1 0.1 2.4 ± 0.1 9.6 
Sample No. 
4
He 
(ncc) 
Mass 
(mg) 
U 
(ppm) 
Th 
(ppm) 
Sm 
(ppm) 
Th/U Rs 
1
 
(μm) 
FT 
2
 Corr. 
Age 
(Ma) 
Error 
(±1σ) 
Weighted 
Mean 
3 
(Ma ± 
1σ) 
[eU]
 4
 
BX221-2 0.025 0.0071 12.1 9.9 18.7 0.8 105.3 0.86  2.6 0.1  14.5 
BX221-3 0.036 0.0100 12.1 11.8 21.8 1.0 84.8 0.83  2.5 0.1  14.9 
BX221-4 0.020 0.0054 12.5 11.3 22.1 0.9 95.2 0.85  2.6 0.1  15.1 
BX221-6 0.024 0.0072 12.7 10.4 21.4 0.8 72.9 0.77  2.3 0.1  15.1 
BX221-7 0.028 0.0083 13.9 8.7 9.4 0.6 61.6 0.73  2.2 0.1  15.9 
1
 Radius of a sphere with the equivalent surface area-to-volume ratio as cylindrical crystals 943 
(Meesters & Dunai, 2002). 944 
2
 FT is the a-ejection correction after Farley et al. [1996]. 945 
3
 Weighted means at 95% confidence level calculated using Isoplot V3.59 [Ludwig, 1991]. 946 
Evidently younger or older age outliers are highlighted in grey shading and are excluded from 947 
calculation of the weighted mean age. 948 
4 
Effective Uranium content, [eU] =U+ 0.235Th ppm [Flowers et al., 2007]. 949 
 950 
 951 
 952 
Table 5. Parameters used in Pecube modeling  953 
Parameter Name Parameter Range Units Reference 
Thermal conductivity 2.5 W/m/K Whipp et al. [2007] 
Crustal density 2700 kg/m
3
  
Thermal diffusivity 25 km
2
/Μy  
Mean annual surface temperature 25 °C  
Atmospheric lapse rate 6 °C/km Naito et al. [2006] 
Model time step Optimal years  
Horizontal node spacing 0.9 km  
Vertical node spacing 0.9 km  
Model starting time 20 Ma  
Transitional time 1-18 Ma  
Relief factor at the transitional time 0.5-1.5 -  
Basal temperature (model shown in 
figure 6) 
400-700 °C  
Basal temperature (model shown in 
figure S3) 
400-900 °C  
Exhumation rate before and after 
the transitional time 
0-3 km/m.y.  
 954 
 955 
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